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U.S. Patent Application No. 10/019,995 

Amendment dated April 15, 2004 

Reply to Office Action of January 15, 2004 

REMARKS/ARGUMENTS 

Reconsideration and continued examination of the above-identified application are 
respectfully requested. 

The amendment to the claims is editorial in nature and/or further defines what applicants 
regard as their invention. The language now recites some of the language as requested by the 
Examiner. Full support for the amendment can be found throughout the present application, 
including the claims as originally filed. Accordingly, no questions of new matter should arise and 
entry of the amendment is respectfully requested. 

Claims 1-11, 13, 15-21, and 23-29 are pending in the application, claims 12, 14, 22, and 30 
have been withdrawn. 

In the Office Action, the Examiner sets forth the reasons for the restriction requirement 
which separated the pending claims into three groups. The applicants affirm the election of Group I, 
which includes claims 1-11, 13, 15-21, and 23-29. The applicants believe that since claim 12 is 
dependent on examined claim 10, the subject matter of claim 12 should be included in the 
examination ongoing in the present application. Furthermore, if claim 10 is found allowable, the 
applicants believe at a minimum that the subject matter of claim 12 should be rejoined so that it 
would then be dependent on allowable subject matter. Similarly, claim 14 is dependent on claim 12 
and for the same reasons should be examined at this time. Also, claim 22 is dependent on examined 
claim 1 1 and for the same reasons as claim 12, should be examined at this time. Likewise, claim 30 
is dependent on claim 23, which is currently being examined. Thus, the applicants believe that with 
the examination of claim 23, there would be no serious burden to examine the subject matter of 
claim 30. At a minimum, claim 30 should be rejoined once claim 23 is found allowable. For these 
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reasons, the restriction requirement should be withdrawn. 

At page 4, of the Office Action, the Examiner states that, while the applicants claim foreign 
priority under 35 U.S.C. § 1 19(a)-(d), the applicants have not provided an English translation of the 
foreign applications, and therefore the foreign priority has not been perfected. For the following 
reasons, this request is respectfully traversed. 

The applicants respectfully contend that since the present application was a national phase 
entry from a PCT application, there is no need to submit a certified copy of the Japanese priority 
document, due to the fact that it has already been submitted by way of the PCT. Furthermore, there 
is no requirement that a certified English translation of a foreign priority document be submitted at 
all unless the Examiner questions the reliance on the benefit of that filing date, which does not 
appear to be the case in the present Office Action. Accordingly, the Examiner's objection to the 
perfection of foreign priority should be withdrawn. 

At pages 4-8 of the Office Action, the Examiner rejects claims 1, 4-11, 13, 15-21, and 23-29 
under 35 U.S.C. § 112, first paragraph, because the specification does not reasonably provide 
enablement for preparing a cell extract for cell-free protein synthesis. According to the Examiner, 
the material inhibiting the protein synthesis is removed by an unspecified method or through the 
addition of an unspecified substance, or by a method of synthesizing protein in a cell-free protein 
synthesis system using the cell extract alone or the cell extract and unspecified substances. The 
Examiner also states that the specification does not enable a person skilled in the art to make or use 
the invention commensurate in scope with the claims. The Examiner does indicate that the 
specification is enabling for: (I) the preparation of a cell-free extract for cell-free protein synthesis, 
wherein the substance inhibiting the protein synthesis is removed by treating the extract with a non- 
ionic surfactant or with the combination of a non-ionic surfactant and ultrasonication; (II) a method 
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of synthesizing protein in a cell-free protein synthesis system using the cell extract and other 
essential substances such as amino acids, energy sources, and ionic components; (III) a preparation 
of a cell extract wherein tritin is removed by treating a germ extract with an antibody of tritin; and 
(IV) a method of synthesizing protein in a cell-free protein synthesis system using the germ extract 
and essential substances for protein synthesis as indicated in the prior art. 

The Examiner further states that claims 1, 4-11, 13, 15-21, and 23-29 encompass a 
preparation of a cell extract for cell-free protein synthesis, wherein the material inhibiting the 
protein synthesis is removed, or a method of synthesizing protein in a cell-free protein synthesis 
system using the cell extract. The Examiner states that the specification only discloses cursory 
conclusions without sufficient data supporting the findings. According to the Examiner, the 
specification at pages 2 and 3, states that the present invention provides for a preparation of a cell 
extract, excluding a system inhibiting protein synthesis for cell-free protein synthesis, a treatment of 
cell extracts by freeze-drying, and a method of protein synthesis using the cell-free protein system 
applied with molecular sieving or dialysis, at pages 2-3. The Examiner asserts that the specification 
is not enabling with respect to a preparation of a cell extract for cell-free protein synthesis and a 
method of synthesizing protein using the cell extract. The Examiner states that the present 
application provides no indicia and no teaching or guidance as to how the full scope of the claims 
are enabled. 

For the following reasons, this rejection is respectfully traversed. 

One skilled in the art given the guidance of the present application would be capable of 
removing the endosperm portion of a cell extract through a multitude of different methods, for 
example, water washing processing, polishing, through the use of surfactants, or through the use of 
surfactants and ultrasonification and the like. Listing every possible method of endosperm removal 
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and limiting the claims thereto is not only unnecessary, but would unduly narrow the scope of the 
present invention. Clearly, the scope of the claims is fully enabled by the disclosure in the present 
application. The present invention teaches that substantially removing the endosperm portion of a 
cell extract will substantially exclude the systems involved in inhibiting the cell extract's protein 
synthesis reactions and also control the deadenylation of ribosomes present in the remaining cell 
extract. The particular method of endosperm removal is clearly not critical. The present inventors 
have discovered that by removing or substantially excluding the endosperm portion of the cell 
extract, protein synthesis can be performed using any conventionally known technique. Thus, any 
means to remove the endosperm portion of the cell extract can be used in the present application, 
such as with a nonionic surfactant or other methods as detailed in the present application or other 
means that would be capable of excluding the endosperm portion. Thus, the present invention 
through great detail has provided clear enablement and predictability with respect to preparing a 
preparation that contains a cell extract for cell-free protein synthesis which substantially excludes 
the endosperm portion of the cell extract. Clearly, with the techniques and guidance set forth in the 
present application, one skilled in the art can clearly practice the entire scope of the present 
invention as claimed. 

Further, the specification at page 2, line 22 through page 3, line 6 discloses examples of 
substances which are well known in the art, and commonly added to cell-free protein synthesis 
systems for the induction and continuation of protein synthesis. These substances include, for 
example, translation templates, energy sources, potassium and magnesium ions and the like. These 
substance do not generally differ whether the endosperm portion of a cell-free extract has been 
removed or not. The substances involved with, and the methods used for cell-free synthesis are, 
therefore, not unpredictable, and can be accomplished with a minimum of routine experimentation. 
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For these reasons, these rejections should be withdrawn. 

At page 9 of the Office Action, the Examiner rejects claims 1-11, 13, 15-21, and 23-29 
under 35 U.S.C. § 1 12, second paragraph, as being indefinite for failing to particularly point out 
and distinctly claim the subject matter that the Applicants regard as the invention. 

The Examiner states that claims 1-11, 15-21, and 23-28 are indefinite because the claims 
recite "substantially excluding systems involving in inhibiting synthesis reaction of said own 
protein," and also cites an endosperm that contaminates an extract of embryo that is completely 
removed therefrom. The Examiner states that it is not clear whether the system involved in 
inhibiting protein synthesis is completely or substantially removed, and to what extent the system is 
excluded as to "substantially excluding systems." The Examiner states that dependent claims 2-11, 
15-21, and 23-28 are included in this rejection for depending on rejected claim 1 and not correcting 
the deficiency of the claim from which they depend. 

The Examiner also states that claims 4, 15, 16, 19, and 26 are indefinite because of the use 
of the term "wherein the inhibition of the own reaction of protein synthesis excluding the systems 
serves as controlling deadenination of ribosome." The Examiner states that the cited term renders 
the claim indefinite because it is not clear what the term means and that it is not clear how the 
system involved in the inhibition of protein synthesis also controls deadenination of ribosome, and 
what "deadenination" means, since neither the specification nor the prior art define the term. The 
Examiner states that claims 19 and 26 are included in this rejection for being dependent on the 
rejected independent claims and for not correcting the deficiency of the claims from which they 
depend. The Examiner states that the term "deadenination" also occurs in claims 5, 6, and 13 

The Examiner further contends that claims 5, 6, 20, 21, 27, and 28 are indefinite because 
of the use of the term "a substance is added which controls deadenination of ribosome" or "a 
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substance controlling deadenination of ribosome." The Examiner states that the cited term 
renders the claim indefinite because it is not clear what the substance is. 

The Examiner states that claims 7-9, and 17-20 are indefinite because the claims recites "[a] 
preparation" in line 1, "a substance" in line 2, and "a preparation" in line 3, and that it is not clear 
whether the preparation or the substance are different from each other. Dependent claims 8 and 9 
are also included in this rejection. 

The Examiner states that claims 10, 11, and 13 are indefinite because of the use of the 
phrases "a material substance," "the material substance," and "the substrate and others." The 
Examiner states that the cited term renders the claim indefinite because it is not clear what the 
material substance or the substrate and others are. 

The Examiner states that claim 1 1 recites the limitation "the reaction vessel" in line 3, "the 
material substance" in line 4, and "the product" in line 5 and that there is insufficient antecedent 
basis for these limitations in the claims. 

The Examiner states that claims 10, 11, and 23-29 are indefinite because the claims lack 
essential steps in the method for cell-free protein synthesis. The Examiner further argues that the 
omitted steps are the indispensable substances used for in vitro protein synthesis and how the 
protein synthesis is carried out using the cell extract and the indispensable compounds. For the 
following reasons this rejection is respectfully traversed. 

The term "substantially" has a long precedence as an acceptably definite term. The term 
"excluding" is described, for instance, in the present specification at page 9 and page 11, 3-5. 
Also, page 11, lines 9-23 also describe the effects of the purification. Furthermore, the claims 
are clear and definite with respect to the fact that substantially excluding the endosperm portion 
of the cell extract will substantially remove the systems involved in inhibiting protein synthesis. 
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Further, all claims that contain the term "deadenination" have been amended to correct 
the spelling of the term which is "deadenylation." The applicants respectfully assert that the 
term "deadenylation" is described in the specification, for example, at page 11, and at page 13. 

It is clear from the specification and the claims that the substance controlling the 
deadenylation of ribosomes can be any substance that removes the endosperm portion of the cell 
extract. Furthermore, at page 13, the present specification discloses the use of substances which 
protect ribosomes from deadenylation. One skilled in the art would be able to identify substances 
such as antibodies which would be capable of targeting and deactivating substances such as 
tritin, thionine, ribonucleic, etc. which target and deadenylate or deactivate ribosomes. 

With respect to the terms "substance" and "preparation," the applicants would like to point 
out that a "substance" can be an individual component of a preparation, such as translation 
templates, energy sources, or various ions, as explained at, for example, page 2, line 22, through 
page 3, line 6 of the present specification. The term "preparation," on the other hand, means a 
finished product containing one or more substances, as defined in the present specification at, for 
example, page 12, line 21, through page 13, line 20 of the present specification. 

The term "the material substance" is described in the present specification at, for example, 
page 14, line 23, through page 15, line 6. Furthermore, in claim 13, per the Examiner's suggestion, 
the phrase "other substances" has been substituted for the word "others." These substitutions are 
considered editorial in nature and do not at all change the substance of the invention as claimed. 

The phrase "the reaction vessel" in line 3 of claim 11, per the Examiner's suggestion, has 
been replaced with the phrase "a reaction vessel." With respect to the phrase "the product" in line 5 
of claim 11, per the Examiner's suggestion, the phrase has been replaced with the phrase "the 
synthesized product protein." These substitutions are also considered editorial in nature and do not 
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at all change the substance of the invention as claimed. 

Contrary to the Examiner's assertion, all the relevant steps for protein synthesis are found in 

the claims. With respect to this rejection, the Examiner asserts that claims 10, 11, and 23-29 are 

indefinite because the claims lack essential steps in the method for cell-free protein synthesis. 

However, this rejection is not completely understood under 35 U.S.C. § 1 12. 35 U.S.C. § 1 12, with 

respect to definiteness, only requires that the claims be clear and definite when one skilled in the art 

reads the claims. Clearly, these claims are clear and definite to one skilled in the art. The Examiner 

does not appear to assert that these claims cannot be understood but only seems to assert, with 

respect to the part of this rejection, that the claims lack essential steps. However, there is no 

requirement under 35 U.S.C. § 1 12 that would address the Examiner's assertions with respect to the 

lack of essential steps. Under 35 U.S.C. § 112, the claims are required to be enabling and to be 

definite. Clearly, the claims satisfy all provisions of 35 U.S.C. § 1 12. In addition, the specification 

provides clear guidance to enable the complete scope of these claims. Accordingly, this rejection 

should be withdrawn. 

Furthermore, all the substances useful for cell free protein synthesis are found in the 
specification at, for example, page 12, line 21, through page 13, line 20. It is well known to one 
skilled in the art that the protein synthesis can be carried out using methods and apparatuses as 
disclosed in the application and discussed above. Therefore, the Examiner's rejection under 35 
U.S.C. § 1 12 should be withdrawn. 

At page 1 1, of the Office Action, the Examiner rejects claims 1, 4, 5, 23, 26, and 27 under 
35 U.S.C. § 102(b) as being anticipated by Japanese Publication No. 07-203984, published on 
August 8, 1995, to Endou Yaeta et al. The Examiner states that the rejection is based on an 
electronic translation of the patent publication from the Japanese Patent Office and that an English 
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translation of the publication will be forwarded to us when it is available. The Examiner states the 
Endou teaches a ribosome inactivation protein, named Torichin (tritin), found in wheat germ that 
can inactivate ribosomes by removing an adenine from 28S rRNA, at paragraph 0019 of the 
reference, and that a wheat germ extract is prepared by removing Torichin activity by column and 
adding Torichin antibody, at paragraph 0029, claims 1, 4, and 5 of the reference. The Examiner 
states that the efficiency of protein synthesis in a wheat germ cell-free protein synthesis system is 
increased by using Torichin antibody and removing neutralized Torichin, as found at paragraphs 
0031-0038, drawings 2 and 3, examples 2 and 3, and claims 23, 26, and 27 of the reference. For the 
following reasons, this rejection is respectfully traversed. 

With respect to this rejection, the applicants respectfully point out that a complete formal 
English translation of the publication has not been provided to the applicants. Accordingly, the 
applicants are responding to this rejection in view of the electronic translation of the Japanese Patent 
Office, which may not be completely accurate. In view of these circumstances and in view of the 
fact that the applicants have not received a true English translation of the publication, the applicants 
believe that any subsequent Office Action, should it be necessary, clearly needs to be non-final due 
to these circumstances. 

Endou only discloses a wheat germ extract prepared by adding tritin antibodies to an affinity 
column and removing tritin therewith. Evasion of contaminants other than tritin derived from the 
endosperm and the extract cannot be accomplished by the method described in Endou. These other 
contaminants have a substantial affect on protein synthesis. Furthermore, the process described for 
making a cellular extract in Endou is complicated, involves high cost, and does not preclude 
endosperm contamination. The following table shows differences between the present invention 
and Endou and the effect of endosperm contaminants other than tritin. 
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Endou 
Fig. 2 

of specification . 
(JP-07203984) 
(Attachment 2) 


This invention 
Proc . Natl • Acad . Sci . USA 
vol.97 p559-564 2000, Fig 2 
(The author is same as this 
inventor: Attachment 3) 


Method of 
preparing 
ce."_l extract 


Endosperm is 
contaminated in cell 
extract . 


Endosperm is not 
substantially contaminated 
in cell extract by- 
introducing the process 
washing with surfactant. 


Activity of 

protein 

synthesis 


9500 dpm/5/z 1 (4hr) (D 
7800 dpm/5MM4hr) (D 


2400 dpm/5Ml(4hr) ® 


Conventional 
(as control) 


4000 dpm/5Mi(4hr) (3> 


700 dpm/5/zl(3hr) © 



The chart above summarizes the result of two separate experiments, included as attachments 
2 and 3. The first experiment (attachment 2) shows the amount of protein synthesis produced using 
the traditional cell-free methods (3), the amount of protein produced using the Endou disclosed tritin 
antibody method (2), and the amount of protein produced through the Endou disclosed tritin 
antibody and column distillation method (1). Protein production is measured using the 
incorporation of C 14 Leucine. The chart shows that removing tritin by antibody alone increases 
protein production versus traditional methods by about 1.95 times, and removing tritin by antibody 
and column distillation increases protein production versus traditional methods by about 2.4 times. 

The chart further summarizes the results of a second set of experiments (attachment 3) 
which measures (using C 14 Leucine) the amount of protein prepared using the present invention (4) 
and the conventional method (5). The amount of protein prepared by the present invention is about 
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3.4 times the amount produced by the traditional method (the amount of protein produced by the 
traditional method is the same after 4 hours as it is after three hours as shown.) 

The amount of C 14 Leucine incorporated into the first and second experiments is not 
comparable as the experiments involved different concentrations of the isotope. For comparison 
purposes Endou and the present invention each must be compared against the results obtained from 
the conventional method practiced under the same conditions. Protein synthesis increased about 2.4 
fold between the conventional method and Endou. Protein synthesis increased about 3.4 between 
the conventional method and the present invention. The increase of 2.4 to 3.4 shows the unexpected 
and superior effect of the present invention as compared to Endou. 

Attachments 1-4 have been included to further demonstrate the advantages in the present 
invention when compared to Endou and conventional methods. The applicants are willing to submit 
this data in the form of a § 1 . 1 32 Declaration if the Examiner so requires. 

Therefore, the present invention provides for the removal of protein synthesis degrading 
contaminants besides tritin by treating the extract with the methods described in the present 
application. In the present invention, evasion of the contaminants besides tritin derived from 
endosperm in an extract of an embryo can be performed as set forth in the claims. For instance, the 
extract can be treated with a nonionic surfactant to achieve the goals of the present application. This 
novel and useful preparation and the method to accomplish it are clearly not taught or suggested in 
Endou. This allows one skilled in the art to produce a high efficiency protein synthesis reaction 
having a longer reaction time. In addition, the applicants wish to inform the Examiner that there has 
been commercial success of this invention with respect to a kit identified by the tradename of 
Proteios™. See Attachment 1. Accordingly, the Examiner's rejection under 35 U.S.C. § 102 over 
Endou should be withdrawn. 
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Should the Examiner have any questions, the Examiner is encouraged to contact the 

undersigned by telephone. 

CONCLUSION 

In view of the foregoing remarks, the applicant respectfully requests the reconsideration of 
this application and the timely allowance of the pending claims. 

If there are any other fees due in connection with the filing of this response, please charge 
the fees to Deposit Account No. 50-0925. If a fee is required for an extension of time under 37 
C.F.R. § 1.136 not accounted for above, such extension is requested and should also be charged to 
said Deposit Account. 



Atty. Docket No. 3190-012 
KILYK & BOWERSOX, P.L.L.C. 
53 A East Lee Street 
Warrenton, VA 20186 
Tel.: (540) 428-1701 
Fax: (540) 428-1720 
Enclosures: Attachments 1-4 



Respectfully submitted, 




Luke A. Kilyk 
Reg. No. 33,251 
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L in vitro transcription 



DW 


38-(Pla8mld soln.) fi I 


10XT7 buffer* 


5 


26mM NTPe* 


5 


RNnsin(40U/#l)* 


1 


Plosmid soln. 


5(//g) 


T7 RNA polynwiWSOU/// 1)* 


3 



*Not attached 



■Incubate the reaotlon mixture at 37°C for >3h. 
(One hundred microliter reaction gives 120-160// g RNA) 

II Purification of the transcripts using MicroSoln™ G~25 Columns (Amersham Pharmacia Blotebh 
Inc.) 

I. Resuspend the resin in the columns by vortexing gently. 
2» Loosen the oap and snap off the bottom olosure. 

3. Place the oolumn in a 1.6ml screw-cap mlorooentrifuge tube for support. 

4. Pre-opln the oolumn for 1 minute at 735xg (3,000r.p,m.). 

5. Place the column In a new 1.5ml tube and apply 200// 1 of Buffer mix*. 
(*For batch synthesis, 20mM HEPES-KOH (pH7,6) should be used) 

6. Spin the column for 2 minutes at 735xg(3,000r.p>m). 

7. Repeat 5-6 for 2 times. 

8. Place the column In a new 1.6m| tube and apply 100// 1 of transcript 

9. Spin the oolumn for 2 minutes at 735xg(3,000r.p.m.). 

10. Dlsoard the oolumn. 

II. Measure the OD260nm of a 1:100 dilution (In water) of the solution, and oaloulate the 
concentration of the RNA( 1 OD280nm= 40 fig RNA). <Control: 1:100 dilution of Buffer mix (for 
diffusion method) or HEPES-KOH(pH 7.6) (for batch method))>. 

12. Store on ice. 
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M. In vitro translation 
<B«tch method> 
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Buffer #2 
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V[U- 14 C] Leuolne(1.85MBq, 50jUCi/ml) Amensham pharmacia Woteoh. (Code No.,CFB 183) 
2. Prepare the Reaction Mix 



(1 sampled) 
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Buffer #1 
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mRNA solution / DW 
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Wheat germ extract 


5.0 j 


RI mix 
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3. Inoubate at 23-26^ for 1-3hours. 

4. Detect the radloaotivity by epot teat 



(Buffer mix) 
Buffer #1 
Buffer #2 
DW 
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Fig 1 Prinoiple and flow-chart of the "Diffusion method". 



1. Preparation of Reaction mix (50 U I). 



DW 


1.8 U\ 


Buffer #2 
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RNase lnhlbltor(40U///l)* 
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Wheat germ extraot 
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RNA solution(0.3-0.4^ g/y I) / Buffer mix 
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2. Fill a well of 96-wel| plate with 250// 1 of Buffer mix. 

3. Apply the Reaction mix (50// 1) to the bottom of the well carefully- 
(-Fig 2) 

4. Incubate the plate at 23-26 8 C for 18-24 hours. 



5. Reoover 300 U I of the reaotlon mixture. Fig 2 
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m determined as follows: Aliquot* were report of solvent flotation for the enrichment of viable 
^^0«^canr«iniBW ^ #»* "^^^^^^l^™ lat ^* IB *! aBM •^^ ,0 *^ embryos from wheat seeds by Johnston and Stern (2< 

method has commonly been used for the preparation of 
embryos. Wo first addressed the possibility of a tritin co 
nation originating from endosperm as the reason for the 
bility of wheat germ ceflvftee systems. If wheat germs are ii 
from dry wheat seeds by conventional procedures (27), 
scopic examination reveals that the sample contains embj 
well as some white material and a number of white and br< 
granules (Fig. U). Analysis of ribosomai RNAs from a p 
synthesis reaction prepared from such a sample showe 
depurination of ribosomes occurs, contradicting earlier r 
(20-22) (Fig. W), After 4 h of incubation, 24% of the ribi 
population had been depurinated, as judged by the ai 
dependent formation of a specific UNA fragment (Fi 



$ SDS poiyacrylamide gels (8% gels for TMV 
% native poiyacrylamide gels (for GFP), then 
^h Coomassje brilliant blue. The product amount 
by densitometric scanning of the bands and 
Jt to standards. The standard samples were prepared 
/# a reaction mixture without mRNA with kaown 
of standard proteins (DHFR, GFP, or luciferase) 
loading onto the gel. Because pure, authentic, 1264cDa 
f protein is not available, the amount of this protein was 
y aated with less accuracy by calculating its relative amount 
ompared with molecular markers included as internal standards 
/using average 105- and 160-kDabaud intensities. The amount 
of DHFR was confirmed by determining the amount of meth- 
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Fig. 2. fVotein synthesis vvlth an extract prepared from washed embryos. The batch system contains either 12 ^ (24H) or 24 (48%) of extracts from wa 
< J Twa5hGd W wheat embryos. Protein synthesis was measiaed as hot trichloroacetic add insoluble radioactivity. Arrows show addition of substral 
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Current cell-free protein synthesis systems can synthesize proteins 
with high speed and accuracy, but produce only a low yield 
because of their Instability over time. Here we describe the prep- 
aration of a highly efficient but also robust cell-free system from 
wheat embryos. We first Investigated the source of the instability 
of existing systems In light of endogenous ribosome-lnactivatfng 
proteins and found that ribosome inactivation by tritin occurs 
already during extract preparation and continues during incuba- 
tion for protein synthesis. Therefore, we prepared our system from 
extensively washed embryos that are devoid of contamination by 
endosperm, the source of tritin and possibly other Inhibitors. In a 
batch system, we observed continuous translation for 4 h, and 
sucrose density gradient analysis showed formation of large poly- 
somes. Indicating high protein synthesis activity. When the reac- 
tion was performed in a dialysis bag, enabling the continuous 
supply of substrates together with the continuous removal of small 
byproducts, translation proceeded for >60 h, yielding 1-4 mg of 
enzymatically active proteins, and 0.6 mg of a 126-kDa tobacco 
mosaic virus protein, per milliliter of reaction volume. Our results 
demonstrate that plants contain endogenous inhibitors of trans- 
lation and that after their elimination the transnational apparatus 
is very stable. This contrasts with the common belief that cell-free 
translation systems are Inherently unstable, even fragile. Our 
method is useful for the preparation of large amounts of active 
protein as well as for the study of protein synthesis itself. 

The development of a system capable of synthesizing any 
desired protein on a preparative scale is one of the most 
important endeavors in biotechnology today. Three strategies 
are currently being used: chemical synthesis, in vivo expression, 
and cell-free protein synthesis. The first two methods have severe 
limitations: chemical synthesis is not feasible for the synthesis of 
long peptides because of low yield, and in vivo expression can 
produce only those proteins that do not affect the physiology of 
the host cell (1-3). Cell-free translation systems, in contrast, can 
synthesize proteins with high speed and accuracy, approaching' 
in vivo rates (4-5), and they can express proteins that would 
interfere with cell physiology. However, they are relatively 
inefficient because of their instability (6). 

Because cell free systems nonetheless have great potential for 
large scale protein synthesis, many efforts have been made to 
increase their efficiency. Spirin et al. (7) proposed a continuous 
flow.cell-free translation system, in which a solution containing 
amino acids and energy sources is supplied to the reaction 
chamber through a filtration membrane. This design is signifi- 
cantly more efficient than conventional batch systems: The 
reaction works for tens of hours and produces hundreds of 
micrograms per milliliter of reaction volume (7-9). Recently, 
several modified versions of the Spirin system have been re- 
ported (10-13). Kigawa et al showed that, by using a dialysis 
membrane to facilitate the continuous supply of substrates and 
removal of byproducts, an Escherichia c<?#-coupled transcrip- 



tion-translation system yields as much as 6 mg of protein per 
milliliter of reaction volume (12). This high productivity can, 
however, only be expected with fairly small proteins such as Ras 
protein (21 kDa) or chloramphenicol acetyltransferase (26 kDa). 
The problem with larger proteins is that with the increasing 
molecular weight of the mRNAs their degradation by endoge- 
nous E. coU ribonuclease(s) also increases. Kawarasaki et al. 
showed that in a wheat germ cell-free system translational 
efficiency increases after neutralization of endogenous ribo- 
nucleases and phosphatases with copper ions and antiphos- 
phatase antibodies (13). For their improvements, these groups 
focused on modifying the reaction chamber and/or optimizing 
the reaction conditions while using conventional extracts. We 
used a different approach, instead focusing on clarifying the 
nature of the instability of the extracts. 

We concentrated on wheat germ cell-free systems because 
they have numerous advantages such as low cost, easy availability 
in large amounts, low endogenous incorporation, and the ca- 
pacity to synthesize high-molecular-weight proteins. Moreover 
they are eukaryotic systems and hence more suitable for the 
expression of eukaryotic proteins. After we discovered that the 
mechanism of action of the ricin toxin is ribosome in activation 
(14-16), many other ribo some-inactivating proteins (RIPs) with 
identical mechanism of action have been found in higher plants 
(17). Most commonly these toxins are single-chain proteins, and 
they inhibit protein synthesis by removing a single adenine 
residue in a universally conserved stem-loop structure of 2SS 
ribosomal RNA (14-17). Although the biological function of the 
RIPs is not known, it is generally believed that they are impor- 
tant for cell defense (17). lhe most widely studied example is an 
antiviral effect during infection by several plant viruses (18). As 
originally proposed by Ready et al (19), the explanation for the 
antiviral activity of RIPs is that, when a cell wall is damaged, the 
RIP is released into the cytosol, where it inactivates ribosomes, 
thereby preventing virus replication. Tritin, found in wheat seeds 
and thought to be localized mainly in the endosperm, is such a 
single-chain RIP (20). Initially, it was reported that wheat 
embryonic ribosomes are resistant to this protein (20-22), which 
would render any contamination with tritin inconsequential. 

To improve protein synthesis in wheat germ cell-free systems, 
we started with the hypothesis that the embryonic ribosomes are 
in fact susceptible to tritin. In this case, contamination of wheat 
germ preparations with tritin-containing endosperm fragments 
would be fatal. Accordingly, we prepared our cell-free system 



This paper was submitted directly (Track II) to the PNAS office. 

Abbreviations: RIP, r I bosome-l reactivating protein; TMV, tobacco mosaic virus; GFP, green 
fluorescent protein; DHFR, dihydrofoiate reductase. 

*To whom reprint requests should be addressed E-mail: yendoOen3.ehime-u.acjp. 
The publication costs of this article were defrayed In part by page charge payment This 
artide must therefore be hereby marked "advertise men r In accordance with 18 U5.C 
S 1734 soiety to Indicate this fact 



PNAS | January 18. 2000 | vol.97 | no. 2 | S59-S64 



from extensively washed embryos and indeed found that the 
system became far more active. 

In addition to the benefit of a better protein synthesis system, 
these results shed new light on the translation al apparatus itself: 
Although it is usually seen as a rather fragile apparatus, it 
appears instead to be very stable: so stable, in fact, that plants 
seem to have developed a suicide mechanism (the RIPs) directed 
against the trans! ational apparatus, further emphasizing its 
crucial role in cell physiology. We believe that the strategy we 
followed to improve the wheat cell-free system — elimination of 
endogenous translational inhibitors — is equally applicable for 
other systems. 

Materials and Methods 

General. The following procedures were either described or cited 
previously (9, 14-f5, 23-24): determination of RNA N- 
glycosidase activity, analysis of cell-free protein synthesis, su- 
crose density gradient analysis of polysomes, determination of 
proteins, the sources of m7GpppG, ribonucleotide triphos- 
phates, SP6 RNA polymerase, T7 RNA polymerase, human 
placental ribonuclease inhibitor (133 units/ml), L-[U- 
14 CJleucine, MTX immobilized on agarose, creatine kinase, 
spermidine, and the 20 amino acids. Dialysis membrane (mo- 
lecular weight cutoff 12,000-14,000, regenerated cellulose, 
Viskase Sales, Chicago), the non ionic detergent Nonidet P-40, 
and proteinase inhibitor E64 were purchased from Nakarai 
Tesque (Kyoto). The luciferase assay kit (PiccaGene) was from 
Wako Pure Chemical (Osaka). Low and high molecular weight 
marker kits (Rainbow marker) were from Amersham Pharma- 
cia. Recombinant forms of luciferase and green fluorescent 
protein (GFP) (S65T) that were used as standards were pur- 
chased from Promega and CLONTECH, respectively. Plasmid 
pCaMV35S-sGFP(S65T)-NOS3'(25) carrying the GFP gene was 
kindly provided by Y. Niwa (School of Food and Nutritional 
Sciences, University of Shizuoka, Japan), and plasmid pSP-Luc + 
carrying luciferase was obtained from Promega. Plasmid pTLW3 

(26) , covering the tobacco mosaic virus (TMV) genome, was a 
generous gift from Y. Watanabe (University of Tokyo). 

Purification of Wheat Embryos and Extract Preparation. Wheat seeds 
were ground in a mill (Roter Speed Mill model pulverisette 14, 
Fritsh, Germany), then were sieved through a 710- to 850-mm 
mesh. Embryos were selected with the solvent flotation method 
of Erickson and Blobel (27) by using a solvent containing 
cyclohexane and carbon tetrachloride (240:600, vol/vol). Dam- 
aged embryos and contaminants were discarded, and intact 
embryos were dried overnight in a fume hood. To remove 
contaminating endosperm, the embryos were washed three times 
with 10 vol of water under vigorous stirring, and then were 
sonicated for 3 min in a 0.5% solution of Nonidet P-40 by using 
a Bronson model 2210 sonicator (Yamato, Japan). Finally, the 
embryos were washed once more in the sonicator with sterile 
water. 

Preparation of the Cell-Free Extract The method used is a slight 
modification of the procedure described by Erickson and Blobel 

(27) . Washed embryos were ground to a fine powder in liquid 
nitrogen. Five grams of the powder were added to 5 ml of 2 X 
buffer A (40 mM Hepes, pH 7.6/100 mM potassium acetate/5 
mM magnesium acetate/2 mM calcium chloride/4 mM DTT/0.3 
mM of each of the 20 ammo acids). The mixture was briefly 
vortcxed and then was centrifuged at 30,000 X g for 30 min. The 
resulting supernatant was subjected to gel-filtration on a G-25 
(fine) column, equilibrated with two volumes of buffer A The 
void volume was collected and centrifuged at 30,000 X g for 10 
min. The final supernatant was adjusted to 200 A260/ral with 
buffer A, was divided into small aliquots, and was stored in liquid 
nitrogen until use. 



Cell-Free Translation. In the batch system, 50 /xl of reaction mixture 
contained 12.5 /xl of extract (thus 24%); final concentrations of 
the various ingredients are 24 mM Hepes/KOH (pH 7.8), 1.2 
mM ATP, 0.25 mM GTP, 16 mM creatine phosphate, 0.45 
mg/ml creatine kinase, 2 mM DTT, 0.4 mM spermidine, 0.3 mM 
of each of the 20 amino acids including [ 14 C]leucine (2 itCi/ml), 
2.5 mM magnesium acetate, 100 mM potassium acetate, 50 
Mg/ml of deacylated tRNA prepared from wheat embryos, 
0.05% Nonidet P-40, 1 tiM E-64 as proteinase inhibitor, 0.005% 
NaN 3 , and 7.2 tig (0.02 nmol) of dihydrofolate reductase 
(DHFR) mRNA. The extract was not treated with micrococcal 
nuclease because we did not observe any positive effect of this 
treatment. Incubation was done at 26°C. 

For the dialysis system, 500 id of reaction mixture contained 
300 /xl of the extract and the same ingredients as described above. 
The dialysis bag was immersed in 5 ml of a solution containing 
all described ingredients except for creatine kinase. The reaction 
was done at 23°C, and, every 24 h, 0.05 nmol of DHFR mRNA 
(or equivalent moles of the other mRNAs) and 50 jig of creatine 
kinase were supplemented. The dialysis solution was also re- 
placed every 24 h. To confirm the longevity of the system, 
[ 14 C]leucine (the same concentration as above) was added into 
both reaction mixture and dialysis buffer at 52 h, then was 
incubated until 72 h (Fig. 4C). The autoradiogram of the gel was 
obtained by using a BAS-2000 phosphoimager (Fuji). 



(A) 
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Fig. 1. Removal of tritin from embryos. Extracts were prepared from un- 
washed or washed embryos (A), and the depurination assay was performed 
(fi). Translation mixtures prepared with the extract from unwashed embryos 
were incubated for 0, 1, 2, 3, and 4 h (B, lanes 1-5 respectively); mixtures with 
washed embryos were incubated for 0, 2, and 4 h (lanes 10-12, respectively). 
Isolated RNA was treated with acid/aniline, then was separated on 4.5% 
polyacrylamide gels. Additionally, RNA was directly extracted from embryos 
with guanidine isothiocyanate-phenol and was analyzed as above before (8, 
Iane7) and after (8, lane 8) treatment with acid/aniline. For the fragment 
marker (B, lanes 6 and 9), incubation was carried out in the presence of 
gypsophilin (40), a highly active RIP from Gypsophila elegance; the arrow 
indicates the aniline-induced fragment. 
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Preparation of mRNA. Capped mRNA encoding DHFR was syn- 
thesized by in vitro transcription of linearized plasmid pSP65 
carrying the gene under SP6 RNA polymerase promoter control 
(9). The transcript is 1,079 nucleotides long and consists of the 
sequence m 7 GpppGAAUACACGGAAUUCGAGCUCG- 
CCCGGGAAAUCUCA4£/G (the italicized sequence is the 
initiation codon) at its 5' end, a 477-nt coding sequence, and a 
3' noncoding region of 565 nucleotides with a poly(A) tall of 100 
adenosines (9). Coding sequences for GFP (717 nucleotides) 
(25) and luciferase (1,650 nucleotides) were cloned into the 
above plasmid in such a way that the 5'- and 3 '-untranslated 
regions of DHFR were preserved. Capped TMV RNA (6,388 
nucleotides) was transcribed from linearized plasmid pTLW3 
carrying the genome under T7 RNA polymerase promoter 
control (26). 

Analysis of Products and Their Enzymatic Activities. The amount of 
protein synthesized was determined as follows: Aliquots were 
withdrawn, and samples containing 1 jxl of reaction mixture were 
separated on 12.5% SDS polyacryl amide gels (8% gels for TMV 
protein) or 12.5% native polyacrylamide gels (for GFP), then 
were stained with Coomassie brilliant blue. The product amount 
was estimated by densitometric scanning of the bands and 
comparison to standards. The standard samples were prepared 
by mixing a reaction mixture without mRNA with known 
amounts of standard proteins (DHFR, GFP, or luciferase) 
before loading onto the gel. Because pure, authentic, 126-kDa 
TMV protein is not available, the amount of this protein was 
estimated with less accuracy by calculating its relative amount 
compared with molecular markers included as internal standards 
by using average 105- and 160-kDa band intensities. The amount 
of DHFR was confirmed by determining the amount of meth- 



otrexate-agarose column purified protein, and its activity was 
measured colorimetrically as described (9). Luciferase activity 
was determined by using a commercial kit and a liquid scintil- 
lation counter as described (28). The specific activities of 
recombinant luciferase and the synthesized protein were 3.4 x 
10 5 and 5.1 X 10 6 cpm/pg, respectively. Semiquantitative mea- 
surement (28) of GFP activity on the native gel was carried out 
by using a UV-illuminator (Dark Reader, Clare Chemical Re- 
search, Denver) with a wavelength of 400-500 nm. Subsequent 
scanning of photographs of the UV images and comparison of 
the intensities of the bands to those of the recombinant protein 
revealed that the translation product had more activity than the 
standard by a factor of 1.4. 

Results and Discussion 

Removal of Contaminants such as Tritin from Wheat Embryos Leads to 
a More Active Cell-Free Protein Synthesis System. Since the first 
report of solvent flotation for the enrichment of viable, intact 
embryos from wheat seeds by Johnston and Stern (29), this 
method has commonly been used for the preparation of wheat 
embryos. We first addressed the possibility of a tritin contami- 
nation originating from endosperm as the reason for the insta- 
bility of wheat germ cell-free systems. If wheat germs are isolated 
from dry wheat seeds by conventional procedures (27), micro- 
scopic examination reveals that the sample contains embryos as 
well as some white material and a number of white and brownish 
granules (Fig. L4). Analysis of ribosomal RNAs from a protein 
synthesis reaction prepared from such a sample showed that 
depurination of ribosomes occurs, contradicting earlier reports 
(20-22) (Fig. \B). After 4 h of incubation, 24% of the ribosorne 
population had been depurinated, as judged by the aniline- 
dependent formation of a specific RNA fragment (Fig. 1#, 




Fig. 2. Protein synthesis with an extract prepared from washed embryos. The batch system contains either 1 2 /tl (24%) or 24 /J (48%) of extracts from washed 
04) or unwashed (8) wheat embryos. Protein synthesis was measured as hot trichloroacetic acid insoluble radioactivity. Arrows show addition of substrates. C 
shows the polysome profiles of 15 fi\ of reaction mixture aliquots loaded onto a linear 10% to 45% sucrose gradient in 25 mM Tris HCI (pH 7.6), 100 mM KCI, 
and 5 mM MgCI 2 . After centrifugation, fractions were collected from the bottom of the tubes and were measured at 260 nm as described (24). Incubation times 
were 0 h (open circles in a), 1 h (dosed cirdes in a), and 2 h (6) in the absence (open cirdes in b) or presence (dosed circles in 6) of 0.4 ^tM cycloheximide. In c, 
the translation system prepared from unwashed embryos was incubated for 2 h. In d and e, aliquots from the dialysis system were withdrawn after 48 and 60 h 
and were incubated in the presence of 0.4 jaM cydoheximide for another 60 min at 26°C (closed circles). Similar analyses of the samples were carried out in the 
absence of mRNA (d and e, open drcles) as negative controls. 
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arrow). Furthermore, even at the start of the incubation, 7% of 
the population had aJ ready been depurinated. The site of 
depurination was confirmed by direct sequencing of the frag- 
ment to be in the universally conserved sarcin/ricin domain of 
28S rRNA (data not shown). When RNA was extracted directly 
from embryos by guanidine isothiocyanate-phenol, little forma- 
tion of the aniline-induced fragment was observed (Fig. W, lanes 
7 and 8). Thus, depurination must have occurred during the 
extract preparation and then continued during the protein 
synthesis reaction. 

The observed extent of depurination constitutes a consider- 
able damage to protein synthesis because inactivation of any one 
ribosome among the actively translating ribosomes on an raRNA 
results in blockage of the respective polyribosome and cessation 
of translation (16). Attempts were made to neutralize the 
depurinating enzyme with synthetic RNA aptamers that tightly 
bind to the RIP (30), but these attempts failed. Instead, careful 
selection and subsequent extensive washing of the embryos 
yielded better results. These embryos had few contaminants (Fig. 
1A Right), and when the depurination assay was performed, no 



aniline- induced cleavage was detectable (Fig. IB, lanes 10-12), 
indicating minimal, if any, depurination during preparation as 
well as incubation. 

As shown in Fig. 2, the cell-free system prepared from washed 
embryos has much higher translational activity than the con- 
ventional system (compare Fig. 2 A and B). When programmed 
with mRNA coding for DHFR, it has almost linear kinetics in 
DHFR synthesis over 4 h in a system containing 24% extract, as 
opposed to the regular system, which ceased to function after 
1.5 h. When the content of washed extract in the reaction volume 
was increased to 48%, amino acid incorporation occurred ini- 
tially at a rate twice that with 24% extract, but then stopped after 
1 h. However, this halting was caused by a shortage of substrates 
rather than an irreversible inactivation of ribosomes or factors 
necessary for translation: Addition of amino acids, ATP, and 
GTP after cessation of the reaction (Fig. 2 A and B, arrows) 
restarted translation with kinetics similar to the initial rate. In 
contrast, if conventional extract was added to 48%, protein 
synthesis actually decreased compared with the 24% extract 
reaction. Furthermore, the halting of protein synthesis in the 
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Fig. 3. Protein synthesis inthe dialysis system. {A and 8)Coomassie blue-stained SDSpolyacrylamide gels showing DHFR synthesis with (A) or without (8) addition 
of new mRNA. Arrows and asterisks mark DHFR and creatine kinase, respectively. The standard sample was prepared by mixing a reaction mixture without mRNA 
with known amounts of DHFR before loading onto the gel. (Q Amounts of DHFR synthesized as determined from densitometric scans of the gels in A (closed 
circles) and 6 (open circles). 
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reaction with 24% extract could not be reversed by the addition 
of more substrate, indicating an irreversible damage by contam- 
inants from endosperm (Fig. 2B). 

High protein synthesis activity of the system with washed 
embryos can aJso be demonstrated by sucrose density gradient 
analysis (Fig. 2C). Significant formation of polysomes was ob- 
served after 1 h of incubation, and at 2 h a shift to heavier 
polysomes with a concomitant decrease of 80S monosomes was 
seen (Fig. 2C a and b). In the presence of low concentrations of 
cycloheximide polysome formation is a measure of translational 
initiation (31). A concentration of cycloheximide of 0.4 fjM 
reduced the incorporation of [ 14 C]leucine to 21% of the control 
(data not shown) and resulted in an accumulation of large 
polysomes, with 78% of ribosomes in polysomes (open circle in 
Fig. 2C b). A similar analysis of cell-free reactions prepared with 
regular extracts (27), but done in the absence of cycloheximide, 
did not show significant polysome formation (Fig. 2C c). The 
high efficiency of our system, therefore, can be attributed to at 
least two factors: first, high initiation, elongation, and termina- 
tion rates (efficient usage and recycling of ribosomes); and 
second, low endogenous ribonuclease activity (retention of 
heavy polysomes for prolonged time). 

There is an additional explanation for the dramatic improve- 
ment of protein synthesis after washing of the embryos. Th ion ins 
are a group of small basic and cysteine-rich proteins, originally 
purified as antifungal proteins from a variety of plants, including 
wheat seeds (32). Wheat -y-thionin is known to be in the 
endosperm of seeds (33), and, recently, Brummer et al have 
shown in a wheat germ translation system that a- and /3-thionin 
from barley endosperm are potent inhibitors of protein synthesis 
initiation (34). In addition, several ribonucleases have been 
reported in the endosperm of the seeds (35). Thus, it is possible 
that the washing of the embryos resulted in elimination of 
thionin and ribonucleases as well as tritin. 

The Continuous-Flow Cell-Free System on a Preparative Scale. After 
establishing a procedure for the preparation of highly active 
wheat embryo extract, we addressed its possible application for 



the large scale production of protein. For this purpose, we chose 
a dialysis system because of its continuous supply of substrates 
and continuous removal of small byproducts (12). With DHFR 
mRNA as template, protein synthesis worked efficiently, as 
demonstrated by a Coomassie blue stained gel (Fig. 3/1, arrow). 
Densitometric quantitation as well as a direct determination of 
purified DHFR revealed that the reaction proceeded up to 60 h, 
yielding 4 mg of enzyme in a 1-ml reaction (Fig. 3C). This yield 
was achieved when the system was supplemented with fresh 
mRNA every 24 h; without the addition of fresh mRNA, the 
reaction ceased after 24 h and yielded 1 mg of DHFR (Fig. 3 B 
and C, open circles). When aliquots of the reaction mixtures were 
withdrawn after 48 and 60 h and then were incubated in the 
presence of a low dose of cycloheximide for an additional 1 h, 
sucrose gradient centrifugation revealed polysome formation 
(Fig. 2C d and e). This is a direct indication of a robust system 
with high translational activity. The product has a similar specific 
activity as the authentic enzyme, 15.3 vs. 19.1 units/mg (9). 

As shown in Fig. 4, the system also synthesized proteins of 
higher molecular weight in a preparative scale: 1.1 mg of 
luciferase (65 kDa), 1.2 mg of GFP (45 kDa). These proteins had 
the same or even higher specific activity compared with com- 
mercially available recombinant forms (Fig. 4 A and B; see 
Materials and Methods). Furthermore, the 126-kDa replicase of 
TMV, a major genome product (36) during infection, was 
produced with a yield of as much as 0.6 mg (Fig. 4). The synthesis 
proceeded for up to 72 h, as shown by the increase in intensity 
of the Coomassie brilliant blue-stained bands. This point was 
confirmed by autoradiography and analysis of amino acid in- 
corporation: [ l4 C]leucine was added after 52 h, samples were 
withdrawn at 60 and 72 h, and the samples were analyzed by SDS 
gel electrophoresis and autoradiography (Fig. 4). Densitometric 
quantitation of the bands showed linear synthesis: The photo- 
stimulated luminescence of the sample after 8 h of synthesis (at 
the 60-h time point) was 186, and after 20 h (at the 72-h point) 
it was 465, even though the rate of protein synthesis as measured 
by leucine incorporation was 21% of the rate at the beginning of 
incubation. This is another direct evidence of the robustness of 
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Fig. 4. Synthesis of luciferase (A), GFP (B), and 126-kDa TMV protein (Q in the dialysis system. Samples were analyzed as described in Materials and Methods. 
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Products and supplemented creatine kinase are marked with arrows and asterisks, respectively. 
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the system and its efficiency in synthesizing even a 126-kDa 
protein for 3 days. 

The structures of 5'- and 3'-untranslated regions are impor- 
tant for the efficiency of initiation and termination and also for 
the stability of mRNA (37). The niRNA constructs used here 
were not optimized in this respect, and we believe that the yields 
in our experiments do not, therefore, necessarily reflect maxi- 
mum capacity. Efficient mRNA translation and its regulation 
requires a series of protein-mRNA and protein-protein inter- 
actions (37), and Wells et ai have recently shown the circular- 
ization of mRNA in vitro (38). Our method provides, in addition 
to its protein synthesis capacity, the opportunity to study trans- 
lation itself, including the phenomenon of circular mRNA or the 
characterization of untranslated regions of mRNA in terms of 
efficient initiation or stability. 

We show here that removal of endosperm contaminants, 
which contain protein synthesis inhibitor(s), from the embryo 
fraction improves protein synthesis in a wheat germ cell-free 
system. The improvement likely is caused by increased transla- 
tional activity resulting from elimination of inhibitors of initia- 
tion (e. g. the thionins) and ribonucleases, as well as elimination 
of the RIP tritin. It is generally believed that cell-free translation 
systems are inherently unstable, but our results demonstrate the 
opposite: The translational apparatus appears to be very stable, 
in vitro and presumably also in vivo. We believe that our results 
shed light on the biological function of the nearly ubiquitous 
plant RIPs. We propose that plants acquired during evolution a 
suicide system useful to prevent larger damage and that because 
of its stability the translational machinery is the most important 
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target of a suicide system. Viral attack would be one instance in 
which this suicide mechanism is employed. Ribosomes are a 
popular target of antibiotics also, emphasizing their central role 
in cell metabolism. The observed high stability of the transla- 
tional apparatus might be an essential requirement for the 
evolution of life: Certain basic physiological processes such as 
protein synthesis might be required to function even in adverse 
conditions. 

It is likely that the strategy that we followed to improve the 
wheat cell-free system, i.e., the inactivation of the translational 
suicide system, is successful with other systems as well. For 
instance, the widely used cell- free system from E. coli contains 
high ribonuclease activity and is hampered by a low efficiency in 
the translation of large mRNAs. Because of significant levels of 
template degradation, E. coli systems are limited when selecting 
large polypeptides for polysome display. 

Our protein synthesis system has several advantages compared 
with existing systems in addition to its high efficiency: As a 
eukaryotic system, it is more amenable to the production of 
eukaryotic proteins from their natural mRNAs: i.e. no cDNA 
modification is needed; the system can produce high molecular 
weight proteins; because of little template degradation, it is 
useful for polysome display (39); and proteins that would 
normally interfere with cell physiology can be synthesized. 
Additionally, it should be a useful tool in the study of translation 
itself. 

This work was supported by The Japan Society for the Promotion of 
Science Grant JSPS-RFTF 96100305 (to Y.E.). 

20. Massiah, A. J. & Hartely, M. R. (1995) Planta 197, 633-640. 

21. Stewart, T. S., Hruby, D. E„ Sharma, O. K. & Robert, W. K. (1977) Biochim. 
Bipphys. Acta 479, 31-38. 

22. Taylor, B. E. & Irvin, J. D. (1990) FEBS Lett. 273, 144-146. 

23. Yoshinari, S., Koresawa, $., Yokota, S., Sawamoto, H., Tamura, M. & Endo, 
Y. (1997) Biosci. Biotechnoi. Biochem. 61, 324-331. 

24. Hase, M., Endo, Y. & Natori, Y. (1982)/. Biochem. 91, 1457-1465. 

25. Chiu, W.-L., Niwa, Y., Zeng, W., Hirano, T., Kobayashi, H. & Sheet, J. (1996) 
Curt. Biol. 6, 325-330. 

26. Hamamoto, H., Sugfyama, K., Nakagawa, N., Hashida, E., Matsunaga, Y., 
Takemoto, S., Watanabe, Y. & Okada, Y. (1999) Bio /Technology 11, 930-932. 

27. Erickson, A. H. & Blobel G. (1983) Methods Enzymol 96, 38-50. 

28. Aleen, R. C. (1986) Methods Enzymol. 133, 449-493. 

29. Johnston, F. B. & Stern, H. (1957) Nature (London) 179, 160-161. 

30. Hirao, I., Yoshinari, S. r Yokoyama, S., Endo, Y. & Ellington A. D. (1997) 
Nucleic Acids Symp. Ser. 37, 283-284. 

31. Lodish, H. R, Housman, D. & Jacobsen, M. (197 1 ) Biochemistry 10, 2348-2356. 

32. Bohlmann, H. (1994) Crit. Rev. Plant Sci. 13, 1-16. 

33. Colilla, F. J., Rocher, A & Mendez, E. (1990) FEBS Lett. 270, 191-194. 

34. Brummer, J. f Thole, H. & Kloppstech, K. (1994) Eur. J. Biochem. 219, 425-433. 

35. Matsushita, S. (1959) Memoirs Res. Inst. Food Set., Kyoto Univ. 19, 1-4. 

36. Dawson, W. O. (1992) Virology 186, 359-367. 

37. Sachs, A. B., Sarnow, P. & Hentze, M. W. (1997) Cell 89, 831-835. 

38. Wells, S. E., Hillner, P. E., Vale, R. D. & Sachs, A B. (1998) Mot. Cell 2, 
135-140. 

39. Mattheakis, L. C, Bhatt, R. R. & Dower, W. J. (1994) Proc. Natl. Acad. Sci. 
USA 91, 9022-9026. 

40. Yoshinari, S. ; Koresawa, S., Yokota, S., Sawamoto, R, Tamura, M. & Endo, 
Y. (1997) Biosci. Biotechnoi. Biochetn. 61, 324-331. 



564 J www.pnas.org 



Ma din et al. 



03/08/2004 10:56 0455002117 



CELLFREE SCIENCES 



V-y" 04/10 



t v» A. w M _ 

> B5 > co 
g o </> 

p 

o* r* Z 



<5 



1 1 in 

3 Q " : 5 

^ ^» 3* t» 

V tn 



o 
o 

I 



8 



(J , 3 <» C P b* £3 ° o- ^ 

8 




* 3. s g^l 




o <» g 



k* ft g -o »» g. < 3 



filial £.s II 5 - 



5» a < 



s 



h> ft - o. S: 5- cx cl ^ 

^ W M O M * 

5- 5 ft. 2. 9 w ^ 
^ P- i co *w 54» ?t 



6 3 SL R S 



ci. cu 3^ 

2 8 
S.B 
o o> 



2 - 

3 •< 



? £ S. a b 



> 

z 
z 

W 
2 

B 

z 

g 



2: 

7* 
til 

r 
o 

to 

p 



o 



fid 

sr 
a § 



If 



ra 
S 

n 

I 
I 



~ o 

era co g- 



Oo o' 



offing- 



CO 

5? N> 



3 g S gS 



M C J) q Q. W O 

££S2pcoB|r.S- 
ct> r o p *o a 




I 



J9 



f 



a 



M o ^ 

(-* en 



§^ (to* c». o 



5* 
P 

o 



O 

w 



S 1 R - 




O -1 rt 
."IB «» 

B 1 

3 o" B 





o 3; 



2" g 3. J* £ 

* S S, » g, 
a-, g B* 

m or j ^ 

BBSS 

^ S 5. R p 

a g. » R p 

-5 8 8 

o S & 3? a 





? « 
of 



o 

i 



03/08/2004 10:56 0455002117 CELLFREE SCIENCES V-y" 05/10 



fl, Oi p rt 



S3 OQ v<- 



cr - 




8-9 fir & 



P & 

P. (T> 

£ & P" a 

9. <?<3 "o 



9 

b pi ^ 



^ M Q 
OB O- O 

hS-3 

•b.8 



$3 



tsllll 

•"»■ _ t— • *~> 5 s 



a. 

s 

si 



& § 3 m , 
8 3 I? £S 

o 5 g- o £r 

E 5.f B g 

3 is 

o o o Q o 

It 

P-H 
tfftl 




a. 
O 

W 

o* 
cr 

S? 

to 



> s 

vj O 



3 



I 

a 



£3> 

*f 
S3' 

o o 

o p. 
o 
p 



i 



ST 

O •Ti 

to 5 

H 

3 



o 

o 

! 

(D 

I 



9 

pa 

I 

> 



3 
ft 



- S- g B -3 

< 00 U»» {y 

1 E£i 

cr & n 

So <* 
_ o o 



is.gr 

2 £ o Q 
ft ~ 2 n 

^ n> J* 

— ore 

£ 9 2 e 




o/ 5 



03/08/2004 10:56 0455002117 



CELLFREE SCIENCES 



06/10 




en 




-Si's.?! 3 2 o »8 S.^S 9 3 s' 5' g 3 <» | 

15? Ill S.5s B-^rgg^f pa I la g-f.-jS'li ip, 




<* ft W t- » <Q, 



Q. ^ ^ S.'**. O m X (TO ^ !£» 



y 2 ° «* x 




P 1 



rT^U MP) P J 

o o • a - < 
7 1 F- **** 



n a R 5T & S. m ^ 5" 
Sg^ET •?£?<? B'° 



a. 



O S. ^ « £ O ^ ^ 

to e 5 




s s s S - a 
~ % a: ? s- 



• I? a* ° 

■ S" £5 Soy; 

• a a- 5 a ■& 



3 51 & H 



'r 



2 ° 



^ & s 



03 

o 

X 

g 

> 



H T) 

cu r« r 1 

S S 8" 
o ■ & 

is! 





CO 



8 



ttl 



> 

H 

I 



ft 



03/88/2884 10:56 0455082117 



CELLFREE SCIENCES 



V-y* 07/10 



1 



x ro 



5d 

pj N> 



crcj 




I 

ft 

s 



? 5 %• 

tu « P 



►** *o 



n f S3 S - 0 



_ M ^ co 3 C 

iT tt f» R ~ 7^ 

^ <» 2. § o. . 

» D _ l^i d i-J 



■"8 f s Sfl 

a n a O 

5 9 go (?P 
Cfl J» g • £> O* D 

(P 55 3 " 



3 5 - 



™ £ 3 K B g 



f ft ? 2 



8 



co EL • - 



•5 g->2,g8 

° ° 3 b 
g B-8 ^5 5 
a 



|S B 

? § | » B - 
$ 3 £ £ S 3 

fl B S 3 2 B 

rt „ 3, a. B 5 

" 5" 8 8 <i 8. 
a " s «' s « 

I « e. s a 

a* 



o 

o 

M 



CO 

> 
D 



5 

O 



5 



3 



Ate* 



r« o 
^ g # 
& f & 
lis. 



in 



•a B 



73 n 



s 
& 

6^ 



Si 
g 

1 



o 3 

§•1 

o ^ 



O J* 

3 



o 
p 

3 



' c: 

CO 



VO CO 

I 



1 



cr oj 



o 
o 

3 
3. 



s. 



f 

CD 

2, 



g.|l| 

2s as 

r-i r* r- 



^. CO 



^. CO _ 



5-^1 

n 3 i 5 

3 <* ss < 

111* 



5|I B 
ago? 

3. 5- g. q 

cfa 3 3 
S. o - w & 

» °> u 

^ B S 
O n> 

S 3 B 
§ c 

o> 3 w n 

CO CP 



if 

EL 




ft 



ft 



03/08/2084 10:56 0455002117 



CELLFREE SCIENCES 



V-i/" 08/19 




i? 5? § s. & a ?r 



9 ^' 



O (J 13 



81 



s 



I 

to 



VD — 




fa 



3 




3 if I" 

7i O _ g 

ta §.£ 
lets- s, 

o of o ~ 
cr ^ a 

^ < 3 

pa va PT. 

s-i § 

" 3 »B 

& B . i 



a, 
3 

3 

E" 

t 
? 

a, 
n 



O £ 



? 5T 



03/08/2004 10:56 0455002117 



CELLFREE SCIENCES 



V-v" 09/10 



3 
EL 



P 



to 



V5 

S 



III 



5* 

_ o 



S B 1 - * sr s p 



3 

S -STB us 
S & * i* & I •• 



o cx 



0> 



S* ET 3 a Q <a cr 

« 8 f a» I « 





* § 8 3 

jo 8. § e-. >■ »> 

>^Sl b 2 g r* £ £ *= 

is» 3 < Z. DC > 9 5' 



^•2 3 

^* * 3 O 



leu I ias §1b g 

R - B £ 

3 9 8 ^ ° 



S N> Q> pS 

Kl ? M O L 

^ !?* 



is § 

Sg.5' 



j. < 
« 8 



•a 

E? 



i 



0> «>i ri, 




B § R 
» 3 <g 



4x 

CO 



0 

8 



W 

CD 

o 



3 
§ 



3 
o 

I 

i 

CO 

a 
8 



e. S2. » & p- & a 



IF 



£ ~ *S ~ g. W g: 

o S J? a 

=* 8 ft 8 J g ft 

o ** ?l 



3 £ & £ P> 3 



pJ S p. » g p " 

O § 5 ~ - p o 

O W Q Z A 

5. 5^ K •S St c> 

c?» B' 3- o p> *ta 



8 ^ S ~ ° ^ a* 

3 F§ |B 
g a e.§ " 

£ §• 1/5 ^ B F c2l 
§ B' ^ p < ^ ft 

ft & t % 3 a 

<T> P <1> T n» 




n 
m 

I 

3 



o 



83/08/2004 10:56 0455002117 



CELLFREE SCIENCES 



V-y" 10/10 



3" I 

^ frt 

3 g 



p. 



o 

o 



ta 

5' 

to 

|- 



g. s 



1 

M 

© g„ 

*5 <» c "H 



B g o 

a f s 



a "3 



8 

*< rrt 

B a 

8 o 



I 2 
P 0 



p- 5 



r 



n> S3 o; 
« * Y S? 



i 



CD 



K « K CJ C 

& g £ w y 50 u 



^ P. <1» 




9 e S a < 5 

* cr 8" <* 2. 

S ^ ^ g. g 4 PtJ 

B |tii|l 

§• ° 3 a ° 

O m CO to £ 



5? 



lis- 111 



p £9. « 



» » to w □ 

o e a. • a. e 
8 1 <» 5' » 

t- & a 2. § 



o 

i 

o 

I 

(0 



I 
f 



to 



Co 0> 



p n> 



S. 



EC SO 
jo 13 

a? a 

B S 



to ~ 

is 



ri 



' vO 

§ 



If s £ I 1*1 





o ^ o 5 



-^^5 CA " § 'g. I 

rv pi tJ 2 tLtTJ 



i 

« 5 S B2| 



5 g s: a. % s ^ 



5 ^ 



* f © ° S i.^ I 

? ^ < 

g ?r p ° o R 2 

•S i § a g-^ •< 8/ 
° f • S 1 S a a a- 



CD 



9 "2 ST 
^ ° S S 

2 o it'O* 



•all s 

» 55* 5? 3 o 



p or p* q» q 

ff S SB- 

a ° >■ G 



h P tr 

w m m 
ST ^ n - 




» 2 e g 



C4 

* a ? s " 2. S 

B o 3 S K %- 

I " s* a «gt ? 



CJ ° 

5 ?r 



p 




3 < 



